There exists a longstanding disagreement between bubble chamber measurements of the single pion production channel νµp → µ − pπ + from the Argonne and Brookhaven National Laboratories. We digitize and reanalyse data from both experiments to produce cross-section ratios for various interaction channels, for which the flux uncertainties cancel, and find good agreement between the experiments. By multiplying the cross-section ratio by the well-understood charged current quasielastic cross-section on free nucleons, we extract single-pion production cross-sections which do not depend on the flux normalization predictions. The νµp → µ − pπ + cross-sections we extract show good agreement between the ANL and BNL datasets.
I. INTRODUCTION
Single pion production by neutrinos is an important process at neutrino energies around 1 GeV, where the dominant production mechanism is via the production and subsequent decay of hadronic resonances. In neutrino oscillation experiments, neutral-current neutral pion production is a background to ν e charged-current events in ν µ → ν e measurements, while charged-current events producing charged pions contribute to ν µ disappearance measurements, either as background in analyses which select quasi-elastic events, or as signal in analyses which use an inclusive charged-current selection.
Predictions of single pion production on the nuclei used in neutrino oscillation experiments usually factorize the modelling into three parts: the neutrino-nucleon cross section; additional effects due to the nucleon being bound in the nucleus; and the "final state interactions" (FSI) of hadrons exiting the nucleus. Experimental knowledge of the neutrino-nucleon cross section for single pion production, in the 100 MeV to few-GeV neutrino energy range relevant for current and planned oscillation experiments, is sparse, coming from bubble chamber experiments with hydrogen or deuterium targets with low statistics. In particular, data from the 12 ft bubble chamber at Argonne National Laboratory (ANL) and the 7 ft bubble chamber at Brookhaven National Laboratory (BNL) for the leading single pion production process ν µ p → µ − pπ + differ in normalization by 30-40 %. This data is used to constrain the axial form factor for pion production on free nucleons, which cannot be constrained by electron scattering data, so this discrepancy leads to large uncertainties in the predictions for oscillation experiments [1] [2] [3] [4] [5] [6] , as well as in interpretation of data taken on nuclear targets [7] .
Resolving this discrepancy will be vital for current and future neutrino oscillation experiments, which have very stringent systematic error requirements [8, 9] , but current neutrino cross section measurements are taken on nuclear targets such as carbon and oxygen, where it is difficult to disentangle the neutrino-nucleus cross section from the effects of the nucleus and FSI. In this context, it is worthwhile to revisit the ANL and BNL datasets to look for possible consistency. Graczyk et al. have found consistency in the datasets by carefully considering normalization uncertainties [1] [10] and deuteron nuclear effects. In this paper, we present a complementary approach in which we consider ratios of event rates for different processes in the ANL and BNL experiments, in which normalization uncertainties cancel. By multiplying the event rate ratio by an independent measurement of the cross section of the denominator, we obtain a measurement of the single-pion production cross section. In essence, this method amounts to using the denominator cross section as the factor which converts an event rate into a cross section, where the original analyses used a prediction of the neutrino flux for the same purpose.
The paper is organized as follows. In Section II, we describe the method for obtaining the data from the original papers. A discussion of the sources of error for these datasets is in Section III. In Section IV, we present the ratios of event rates for various processes. Then these are used in Section V to extract CC-inclusive and ν µ p → µ − pπ + cross-sections, where we find good agreement between ANL and BNL. Our conclusions are presented in Section VI.
II. OBTAINING DATA
A literature review of the ANL and BNL cross-section papers produces a wealth of data. For this analysis, corrected event rates as a function of the neutrino energy, E ν , are required. Corrected event rates are obtained from the raw (measured) event rates by estimating detector inefficiencies, and subtracting background processes. As we are interested in ν µ − D 2 interactions, we remove data from hydrogen fills of the experiments. This section discusses how the datasets used in this analysis were obtained. All data published as histograms have been digitized using the engauge digitizer tool [11] . The discrepancy between the published event rates and the event rate obtained by integrating the digitized histograms is arXiv:1411.4482v1 [hep-ex] 17 Nov 2014 less than 1%. The effect of ditigization on the shape of the distributions is assumed to be small.
A. ANL 12 ft bubble chamber
A description of the experimental setup for the 12 ft bubble chamber at Argonne National Laboratory (ANL) can be found in [12] . Additional details of the event reconstruction and classification algorithms used can be found in [13] and [14] . In the ANL experiment, data was initially taken with a hydrogen fill of the bubble chamber, then data was taken with a deuterium fill for the remainder of the experiment [12] . Event rates are only available as a combination of both hydrogen and deuterium fills of the detector, so care must be taken to remove the hydrogen component. Published cross-sections are given using two different datasets, which we refer to here as the ANL partial and full datasets. The partial dataset is described in Reference [12] , and is approximately 30% of the final dataset. The full dataset is described in Reference [13] . Events on hydrogen comprise approximately 2% (6%) of the total for the full (partial) dataset.
The raw event rate for the ν µ p → µ − pπ + channel is given in [13] using the complete ANL dataset. No invariant mass cuts were used when selecting these events. The published (digitized) number of events before corrections is 871 (843.2); we scale the digitized distribution to the published corrected event rate of 1115.0. A small subset of the data comes from the earlier hydrogen fill of the detector, which contributes 90 ν µ p → µ − pπ + events (corrected) [14] .
The corrected event rates for the CCQE and CCinclusive channels with the partial ANL datset are taken from [14] . The events are presented as four samples, as summarized in Table I : in later stages of the analysis, the digitized distributions are scaled to match the published event rate. The CC-inclusive contribution from proton interactions is also scaled to remove the 102 interactions on hydrogen (of 457 total).
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TABLE I: Numbers of events for each of the ANL samples as published by ANL and as digitized for this work.
As the ν µ p → µ − pπ + event rate is given for both the partial and final ANL datasets, the ratio can be used to scale the CCQE and CC-inclusive samples from the partial dataset to the statistics of the full ANL dataset. The digitized ANL data for all channels considered, with all corrections applied, are given in Figure 1a , where the errors are statistical only.
B. BNL 7 ft bubble chamber
A description of the experimental setup of the 7 ft bubble chamber at Brookhaven National Laboratory (BNL), and a description of the event reconstruction and classification algorithms, can be found in References [15] [16] [17] [18] . Although events were initially taken with a hydrogen fill of the bubble chamber, most BNL results are separated into hydrogen and deuterium measurements. As for ANL, published BNL cross-sections are given using two different datasets, which we refer to here as the BNL partial and full datasets. The partial dataset is described in Reference [15] , and is approximately 30% of the final dataset. The full dataset is described in Reference [18] .
The published (digitized) number of uncorrected CCQE events on deuterium, using the full BNL dataset, is 2684 (2693.3) [17] ; we scale the digitized distribution by the published correction factor of 1.11 to obtain the corrected event rate.
For ν µ p → µ − pπ + with no cut on the invariant mass, the published (digitized 1 ) number of raw events, for the complete BNL dataset, is 1610 (1534.7) [18] and the digitized distribution is scaled by the published correction factor of 1.123 to obtain the corrected event rate. The ν µ p → µ − pπ + results are also presented in Reference [17] as well as a ν µ p → µ − pπ + /CCQE ratio, but these results have a hadronic invariant mass cut, W < 1.4 GeV, so have not been used for this analysis.
The uncorrected CC-inclusive event rate for E ν ≤ 14 GeV using approximately 30% of the total deuterium data is 3723 published [16] and 3685.3 digitized. The correction factor for BNL CC-inclusive events is not explicitly given, but we can identify three corrections that should be applied to CC-inclusive data:
• Scanning-measuring efficiency, f 1 = 1.11±0.02 [18] , These corrections are combined to give a total correction factor f ≡ f 1 ×f 2 ×f 3 = 1.00 for the CC-inclusive dataset. The raw event rates are summarized in Table II for all processes. As the number of CCQE events is given for both the partial and complete datasets, the ratio of the two can be used to scale the CC-inclusive event rate up to the statistics of the full BNL deuterium dataset. The digitized BNL data for all channels, with all corrections applied, are given in Figure 1b , shown with statistical errors only.
III. ERROR ANALYSIS
Throughout this work, only statistical errors are considered, which are the dominant source of error for these low-statistics bubble chamber datasets. Flux normalization errors are the second largest errors in the original ANL and BNL analyses, at around 15-20%. These are not considered here because they cancel by construction in ratios of event rates.
There are additional errors on the overall normalization of all channels, which are introduced by the background subtraction and correction for detector effects; these are summarized for BNL in [17] , and can be inferred for ANL from [14] . A conservative estimate of the normalisation error for both experiments would be approximately 5 %. It is also likely that many of the sources of uncertainty are common between interaction channels, and would cancel in the ratios calculated here, but a full error analysis is not possible.
There is also an error on the reconstructed neutrino energy, which is estimated for BNL to be ∆Eν Eν ∼2 % for CCQE and ν µ p → µ − pπ + events [15] , and ∼5 % for other charged current production channels which are not kinematically overconstrained. ANL also quote an error of ∆Eν Eν ≤ 5 % for the harder to reconstruct channels, but do not quote an error on kinematically overconstrained channels [13] . As the uncertainty on E ν largely comes from uncertainty in the beam direction, and BNL (ANL) quote small uncertainties ±0.5
•
), we conclude that this error will be small, and 
FIG. 1:
The digitized event rates on deuterium for the three interaction channels CCQE, ν µ p → µ − pπ + and CC-inclusive, as a function of the reconstructed neutrino energy E ν . The errors are statistical only. Both ANL and BNL event rates and errors have been scaled when necessary to the statistics of their full deuterium samples.
IV. Eν -DEPENDENT EVENT RATE RATIOS
The number of events N X (E) for a given process X in an energy bin E is the product of flux Φ(E) and cross section σ X (E), so the ratio of corrected event rates for different channels is equal to the ratio of the cross-section for those channels. More importantly, in this ratio the flux and associated flux uncertainties cancel. So by taking the ratios between channels, it is possible to look for consistency in the ANL and BNL results regardless of possible problems with their flux predictions.
There is very good agreement between ANL and BNL in the ratio We also find reasonable agreement in the ratio
as shown in Figure 3 , and in the ratio Figure 4 . However, CC-inclusive selections are more challenging than the exclusive channels CCQE and ν µ p → µ − pπ + . This is due to the high track multiplicity events which are included in CC-inclusive samples, and which have large uncertainties on their measuring efficiencies [18] . This can also be inferred from [14] Table  1 , where the corrected event rates for high track multiplicity events have large uncertainties. We also note that the correction factor for the BNL CC-inclusive dataset is based on our own estimate given in Section II B, as it was not published. 
V. CONVERSION TO CROSS-SECTIONS USING KNOWN CCQE CROSS SECTION
As the CCQE cross-section on deuterium is relatively well understood, it is possible to produce ν µ p → µ − pπ + and CC-inclusive cross-section predictions by multiplying the cross-section ratios presented in the previous section by the CCQE cross-section. Effectively, this removes the ANL and BNL flux uncertainties, and replaces it with the theoretical uncertainty on the CCQE cross-section prediction, which is small (and has not been included in the plots presented here). The errors on our derived cross-sections are statistical only and may be larger than for the published ANL and BNL results, as the statistical error for two channels has been combined in quadrature. The ν µ − D 2 CCQE cross-section prediction we use is produced using GENIE 2.8 [19] , using the default Llewellyn Smith [20] model parameters where the axial mass, M A = 0.99 GeV. This value is based on a fit to the shape of the Q 2 distribution of the ANL and BNL datasets [21] , which finds M A = 1.00±0.02 GeV. This fit is independent of the ANL and BNL flux normalizations, so our only assumption is that the Llewellyn Smith model provides a reasonable description of CCQE neutrinonucleon scattering. We note that another fit which includes the normalization and E ν dependence for a large number of bubble chamber experiments finds a consistent result [22] (M A = 0.96 ± 0.03 GeV). The cross-section spline used in this analysis has been reproduced in Figure 5 .
The CC1π + cross-sections from both ANL and BNL, produced by multiplying the CCQE cross-section, are shown in Figure 6 . The GE-NIE ∆ ++ cross-section has been included for comparison, as this resonance makes the biggest contribution. However, higher order resonances also contribute to the measurements, particularly at high neutrino energies, so the measurements are expected to deviate from the GE-NIE predictions at high E ν . Note that there is no invariant mass cut on the distributions used to extract the ν µ p → µ − pπ + cross-sections produced in this work. It is interesting to compare the extracted ν µ p → µ − pπ + cross-sections with those published by ANL and BNL, as shown in Figure 7 . In the neutrino energy range where ANL and BNL disagree most strongly, 1 ≤ E ν ≤ 2 GeV, the extracted BNL cross-section differs significantly from the published distribution (Figure 7b ), whereas the extracted ANL results show reasonable agreement with the published ANL data (Figure 7a ).
For completeness, Figure 8 shows the CC-inclusive cross-sections from both ANL and BNL, produced by multiplying the
CC−inclusive CCQE
ratio by the GENIE CCQE cross-section. However, we note again that the correction factor applied to the BNL CC-inclusive dataset was estimated as it was not explicitly given in a BNL publication. by the GENIE CCQE cross-section prediction for ν µ − D 2 interactions. The GENIE CC-inclusive cross-section prediction has been added for comparison, but was not used when producing the cross-sections.
VI. CONCLUSIONS
In this work we have digitized and reanalysed ANL and BNL data for ν µ − D 2 scattering, and demonstrated that there is good agreement between ANL and BNL for the ratio σ νµp→µ − pπ + /σ CCQE . This indicates that the outstanding ANL-BNL single pion production "puzzle" results from discrepancies in the flux predictions, which is in accordance with previous analyses of the same data [1] [10], which found that ANL and BNL agree within their published flux uncertainties. Using these ratios, we exploit the fact that the CCQE cross-section for interactions on deuterium is well understood to extract ν µ p → µ − pπ + cross-sections for both ANL and BNL. Although we only show statistical errors, the flux errors cancel, and the remaining normalization errors are small, and are likely to partially cancel when taking the ratio. Additional errors in the shape of the distributions from the energy resolution are likely to be small, and are unlikely to significantly distort the cross-section. Comparing our extracted results to the published ANL and BNL cross-sections, we found better agreement with ANL than BNL. However, we stress that both experiments gave large normalization uncertainties on their fluxes, so this is not indicative of a problem with the BNL results. The extracted cross-sections presented here resolve the longstanding ANL-BNL "puzzle", and should be used in future fits where this data is used to constrain the axial form factor for pion production on nucleons. The reduced error on this parameter will be of use to future neutrino oscillation measurements, and in interpreting the increasing body of single pion production data from nuclear targets [23] [24] [25] [26] [27] [28] [29] , where nuclear effects have yet to be fully understood.
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